Abstract
METHODS:
We enrolled 57 patients who underwent bi-or trisectionectomy at our institution between October 2013 and March 2015. Of these, 26 patients presented with hepatocellular carcinoma, 12 with hilar cholangiocarcinoma, six with intrahepatic cholangiocarcinoma, four with liver metastasis, and nine with other diseases. All patients preoperatively underwent three-phase dynamic multidetector CT and 99m Tc-GSA scintigraphy. We compared the parenchymal hepatic resection rate (PHRR) with the FHRR, which was defined as the resection volume counts per total liver volume counts on 3D CT/ 99m Tc-GSA SPECT fusion images.
RESULTS:
In total, 50 patients underwent bisectionectomy and seven underwent trisectionectomy.
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Biliary reconstruction was performed in 15 patients, including hepatopancreatoduodenectomy in two. FHRR and PHRR were 38.6 ± 19.9 and 44.5 ± 16.0, respectively; FHRR was strongly correlated with PHRR. The regression coefficient for FHRR on PHRR was 1.16 (P < 0.0001). The ratio of FHRR to PHRR for patients with preoperative therapies (transcatheter arterial chemoembolization, radiation, radiofrequency ablation, etc .), large tumors with a volume of > 1000 mL, and/ or macroscopic vascular invasion was significantly smaller than that for patients without these factors (0.73 ± 0.19 vs 0.82 ± 0.18, P < 0.05). Postoperative hyperbilirubinemia was observed in six patients. Major morbidities (Clavien-Dindo grade ≥ 3) occurred in 17 patients (29.8%). There was no case of surgeryrelated death.
CONCLUSION:
Our results suggest that FHRR is an important deciding factor for major hepatectomy, because FHRR and PHRR may be discrepant owing to insufficient hepatic inflow and congestion in patients with preoperative therapies, macroscopic vascular invasion, and/or a tumor volume of > 1000 mL.
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INTRODUCTION
The development of postoperative liver failure (PHLF) is a major cause of morbidity and mortality after hepatectomy [1] . The mortality rate after major hepatectomy is reported as 2.0% to 6.8% [1] [2] [3] . A smaller remnant liver volume and an impaired hepatic functional capacity increase the risk of PHLF [4] . Preoperative estimation of the hepatic functional reserve is important for major hepatectomy [5] . Although the future remnant hepatic volume can be calculated by computed tomography (CT) volumetry [6] , precise estimation of the future liver remnant function is difficult.
The asialoglycoprotein receptor is only expressed on the sinusoidal surfaces of mammalian hepatocytes. Tc-galactosyl human serum albumin ( 99m Tc-GSA) was developed as a liver scintigraphy agent that binds to the asialoglycoprotein receptor on hepatocytes [7] . 99m Tc-GSA scintigraphy is frequently used for evaluating the hepatic functional reserve, and several parameters for quantitative determination of hepatic function such as the hepatic uptake ratio to the liver plus heart at 15 min (LHL15) [8] and the maximum removal rate of Tc-GSA (Rmax) [9] have been reported. Tc-GSA singlephoton emission computed tomography (SPECT) can acquire the regional distribution of hepatic function [10] . However, the spatial resolution of 99m Tc-GSA SPECT is low. Furthermore, it is difficult to precisely estimate the functional reserve of the future liver remnant in patients requiring complicated resection. CT/ 99m Tc-GSA SPECT fusion imaging has been reported to enable the precise evaluation of hepatic function distribution, given the high spatial resolution provided by CT [11] . Several parameters using CT/ 99m Tc-GSA SPECT fusion imaging such as the preoperative total amount of receptor in the future remnant liver (R0-remnant) [12] , the liver uptake value corrected for body surface area (LUV(BSA)) [13] and the uptake index (UI) [14] have been reported to be useful for preoperative estimation of remnant hepatic function, but they were considerably complex. We considered hepatic resection rate is more intuitively usable.
In the present study, we calculated the functional hepatic resection rate (FHRR) using 3D CT/ 99m Tc-GSA SPECT fusion imaging for patients undergoing major hepatectomy and determined its usefulness by correlation with the parenchymal hepatic resection rate (PHRR).
MATERIALS AND METHODS
Between October 2013 and March 2015, 57 patients who underwent bi-or trisectionectomy at the Department of Gastroenterological Surgery I, Hokkaido University Hospital were enrolled in this study. The baseline characteristics of the patients are shown in Table 1 . All patients preoperatively underwent threephase dynamic multidetector CT and 99m Tc-GSA scintigraphy. Preoperative portal vein embolization (PVE) is performed for patients with a PHRR of > 60% at our institution [12] . Accordingly, 13 patients with a mean PHRR of 62.1% ± 7.9% (range, 47.0%-71.3%) underwent preoperative PVE.
Hepatectomy
An algorithm (Hokkaido University Algorithm) incorporating the indocyanine green retention at 15 min and remnant liver volume is generally used to determine the nature of sectionectomy required, e.g., bisectionectomy [15] . In the present study, FHRR and PHRR were used to determine the required procedure.
3D CT/ 99m Tc-GSA SPECT fusion imaging
Three-phase dynamic CT was performed with a 320-row multidetector CT device (Aquilion ONE, Toshiba Medical Systems Co., Otawara, Japan). The obtained Digital Imaging and Communications in Medicine (DICOM) data were imported to the 3D image analysis system [16] (Volume Analyzer SYNAPSE VINCENT; Fuji Film Medical, Tokyo, Japan). 3D images were reconstructed from the DICOM data. Tc-GSA scintigraphy was performed separately from CT. Dynamic scanning was initially performed using a large-field view gamma camera (E.CAM; Siemens Japan, Tokyo) in an anterior view equipped with a low-energy high-resolution collimator, with the patient in the supine position after a bolus IV injection of 185 MBq of 99m Tc-GSA. Dynamic planar images were obtained for 30 min by 147 serial frames (60 × 1 s, 87 × 20 s), with a matrix size of 128 × 128. Hepatic SPECT images were acquired after the dynamic study.
The Digital Imaging and Communications in Medicine (DICOM) data obtained from SPECT were also imported to the SYNAPSE VINCENT and subsequently fused with the 3D CT images (Figure 1 ). PHRR and FHRR were calculated using the following formula:
Parenchymal hepatic resection rate (PHRR) (%) = liver resection volume/(total liver volume -tumor volume × 100)
Functional hepatic resection rate (FHRR) (%) = resection volume counts/total liver volume counts × 100
Statistical analysis
Statistical analyses were performed using JMP PRO version 11.2.0 (JMP statistical software; SAS Institute, Cary, NC, USA). The values are expressed as mean ± SDs. The correlation between PHRR and FHRR was assessed using Pearson's correlation product-moment coefficient. The ratio of FHRR to PHRR was calculated after stratifying the patients according to the presence or absence of preoperative therapies, macroscopic vascular invasion, and a tumor volume of 1000 mL. The ratio was derived by dividing the smaller value (PHRR or FHRR) with the larger value. The Wilcoxon signed rank test was used to compare data between groups.
RESULTS

Correlation between PHRR and FHRR
PHRR and FHRR were preoperatively calculated for all patients, and their correlation was determined ( Figure  2 ). The mean PHRR and FHRR values were 44.5% ± 16.0% and 38.6% ± 19.9%, respectively. The FHRR value was approximately 10% smaller than the PHRR value, although there was a strong correlation between the two. The regression coefficient was 1.16 (P < 0.0001).
FHRR to PHRR ratio
There were 34 patients with preoperative therapies, including transcatheter arterial chemoembolization, radiation, radiofrequency ablation, chemotherapy, and partial resection), macroscopic vascular invasion, and/ or a tumor volume of > 1000 mL, while 23 patients did not have any of these factors. The mean ratios for patients with and without these factors were 0.73 ± 0.19 and 0.82 ± 0.18, respectively ( Figure 3) . Thus, the ratio was significantly smaller for the former than for the latter (P < 0.05).
Surgical outcomes
Among the 57 patients, the most frequently performed procedure was right hepatectomy ± segment I (n = 18, 31.6%; 
Representative case
A 34-year-old woman was diagnosed with a giant hemangioma (Figure 4 ). CT demonstrated that the posterior section was congested because of obstruction of the right hepatic vein by the giant hemangioma. Right trisectionectomy was planned. CT volumetry showed a tumor size of 2818 mL, a future remnant hepatic volume of 313 mL and a PHRR of 80.0%.
3D CT/ 99m
Tc-GSA SPECT fusion imaging showed an FHRR of 60.8%. She underwent right trisectionectomy without PVE and recovered without PHLF or any morbidity.
DISCUSSION
In the present study evaluating the significance of Figure 3 Comparison of the ratio of the functional hepatic resection rate to the parenchymal hepatic resection rate between patients with preoperative therapies, macroscopic vascular invasion, and/or a tumor volume of > 1000 mL and those without these factors. The ratio is significantly smaller for patients with preoperative therapies (transcatheter arterial chemoembolization, radiation, radiofrequency ablation, etc.), a tumor volume of > 1000 mL, and/or macroscopic vascular invasion than for those without these factors (0.82 ± 0.18 vs 0.73 ± 0.19, P < 0.05). FHRR calculated using 3D CT/99mTc-GSA SPECT fusion imaging, we found a strong correlation between FHRR and PHRR. However, the ratio of FHRR to PHRR was significantly smaller for patients with preoperative therapies, a tumor volume of > 1000 mL, and/or macroscopic vascular invasion than for those without these factors. Tc-GSA scintigraphy is a well-accepted modality for assessment of the hepatic functional reserve, along with the indocyanine green clearance test [7, 8, 17] . We previously reported the conversion formula for 99m Tc-GSA scintigraphy data to the indocyanine green retention at 15 min [18] . This is useful for estimating the functional reserve of the whole liver, although the function of the future liver remnant can only be estimated from the volume calculated by CT volumetry. The introduction of 3D CT/ 99m Tc-GSA SPECT fusion imaging has enabled precise estimation of the function of the focal liver lesion [11] [12] [13] [14] 19, 20] . In the present study, PHRR and FHRR were calculated using 3D CT/ 99m Tc-GSA SPECT fusion imaging along the accurate cutting line. FHRR was strongly correlated with PHRR, although they were discrepant for patients with preoperative therapies, macroscopic vascular invasion, and/or a tumor volume of >1000 mL. Theoretically, the discrepancy cannot occur without any deflection in liver function. Akaki et al [10] suspected that the decrease in the portal venous flow caused by the tumor is a major factor for the discrepancy between CT and 99m Tc-GSA SPECT data. Mitsumori et al [21] reported that 99m Tc-GSA SPECT findings were better correlated with the remnant liver function than CT findings because of the following reasons. First, the degree of hepatic dysfunction in the segment or lobe containing the hepatocellular carcinoma is greater than that in the segment or lobe without cancer. Second, the liver parenchyma surrounding the tumor is damaged by mechanical compression. Third, secondary liver damage may occur because of compression of the vessels and bile ducts by the tumor. We also hypothesized that preoperative therapies such as transcatheter arterial chemoemobolization, radiofrequency ablation, and radiation induce focal liver damage, and that macroscopic vascular invasion and large tumors cause insufficient inflow or congestion. To prove the hypothesis, we compared the ratio of FHRR to PHRR between patients with and without the abovementioned factors and found that it was significantly smaller for patients with these factors. Thus, PHRR and FHRR are likely to be discrepant for patients with these conditions. Recent advances in surgical techniques and preand postoperative care, including the decision criteria for hepatectomy and indications for liver resection, have been applied to extended hepatectomy. However, the famous decision criteria of Makuuchi [22] do not include the future remnant liver volume. A smaller remnant liver volume and an impaired hepatic functional capacity increase the risk of PHLF [4] ; therefore, calculation of the future remnant hepatic volume using CT volumetry is important [6] . It was reported that the type of surgery (more than or equal to hemihepatectomy vs less than hemihepatectomy) was associated with in-hospital mortality, and, specifically, patients who underwent less than a hemihepatectomy exhibited a mortality rate of 4.1%, while those who underwent more than or equal to hemihepatectomy exhibited a mortality rate of 6.5% [23] . Therefore, major hepatectomy requires detailed preoperative evaluations and excellent techniques. When FHRR is larger than PHRR, surgical decision making should be more meticulous to prevent PHLF and postoperative morbidities. It was reported that preoperative functional assessment by 99m Tc-GSA SPECT is more useful than volumetric assessments by CT for the prediction of surgical outcomes [21, 24] . On the other hand, when FHRR is smaller than PHRR, the indications for hepatectomy may be expanded beyond the safe limits. The reported safe limit of PHRR for a normal liver is 75% [25, 26] . In the present study, a 34-year-old woman with a giant hemangioma uneventfully underwent right trisectionectomy. Although her PHRR was 80.0%, right trisectionectomy was accomplished without PVE after referring to an FHRR of 60.8%. This was probably because the function of the posterior section may have been deteriorated by congestion caused by obstruction of the right hepatic vein by the giant hemangioma. She recovered without PHLF or any morbidity. Further studies are required to confirm the safety of giving more importance to FHRR over PHRR.
In conclusion, we found an overall strong correlation between FHRR calculated using 3D CT/ 99m Tc-GSA SPECT and PHRR in our study. However, FHRR and PHRR were discrepant for patients with preoperative therapies, macroscopic vascular invasion, and/or a tumor volume of > 1000 mL. These findings suggest that FHRR is useful for accurate estimation of the future liver remnant function and an important deciding factor for major hepatectomy.
COMMENTS
Background
Preoperative estimation of the hepatic functional reserve is important for major hepatectomy. Precise estimation of the future liver remnant function is difficult. 99m Tc-galactosyl human serum albumin ( 99m Tc-GSA) is frequently used for evaluating the hepatic functional reserve.
99m Tc-GSA single-photon emission computed tomography (SPECT) can show the regional distribution of hepatic function. However, it is difficult to precisely estimate the functional reserve of the future liver remnant in patients requiring complicated resection. CT/ 99m Tc-GSA SPECT fusion imaging enables the precise evaluation of hepatic function distribution, given the high spatial resolution provided by CT. In the present study, the authors calculated the functional hepatic resection rate (FHRR) using 3D CT/ 99m Tc-GSA SPECT fusion imaging for patients undergoing major hepatectomy and determined its usefulness by determining its correlation with the parenchymal hepatic resection rate (PHRR).
Research frontiers
Several parameters using CT/ 99m Tc-GSA SPECT fusion imaging, such as the preoperative total amount of receptor in the future remnant liver (R0-remnant), the liver uptake value corrected for body surface area [LUV(BSA)], and the uptake index (UI), have been reported to be useful for the preoperative estimation of remnant hepatic function, although they are considerably complex.
Innovations and breakthroughs
In the present study, the authors calculated the FHRR using 3D CT/ 99m Tc-GSA SPECT fusion imaging and determined its usefulness. They considered the hepatic resection rate to be more intuitively useful compared with former reported parameters. A strong correlation between FHRR and PHRR in the present study was found. However, FHRR and PHRR were discrepant for patients with preoperative therapies, macroscopic vascular invasion, and/or a tumor volume of > 1000 mL.
Applications
This study suggests that the measurement of FHRR is particularly useful for patients with preoperative therapies, macroscopic vascular invasion, and/or a tumor volume of > 1000 mL.
Terminology
99m Tc-GSA scintigraphy: An image inspection used for evaluating the hepatic functional reserve.
99m Tc-GSA SPECT: A procedure to obtain tomographic images of 99m Tc-GSA scintigraphy.
